This paper describes the method and apparatus for measuring the flow rate of water in intact plant stems, on the basis of heat balance of a stem segment. Under stationary conditions, the heat energy supplied continuously to a segment of plant stem is partitioned into three components such as conduction, mass flow and convection [see Eq. (1)]. By predetermining both heat losses due to conduction in the stem and convection from the segment surface into ambient air, it is possible to evaluate the heat loss due to mass flow of water in the stem, that is, the water flow rate equivalent to the transpiration stream. The water flow rate evaluated by this method is compared with the transpiration loss of water determined directly by weighing potted soybean and sunflower plants and measured by using a chamber method. The comparison shows there is a good agreement between them. This indicates that the newly developed method can be applied for determining transpiration rates of intact plants under laboratory and field conditions.
Introduction
In agrometeorology and plant ecology, a simple and accurate method has been highly needed to measure transpiration from plants or absorption of water by plants under natural conditions. For this purpose, the chamber method in which transpiring plants are covered by a transparent tent or a box, and the method for measuring transpiration stream in plant stem have been widely used.
Attempts for determining the rate at which water moves up in the xylem of living plants have led to the development of various techniques. In the early stage of the studies, the rate of water flow in plant stem was evaluated by injecting a certain indicator substance such as salt, dye or radio-isotope into the water stream and determining its moving velocity. However, this method could not be applied to intact plants, because the injection of indicator substances need treatments of plants like cutting. Using heat as an indicator, Huber (1932) developed a heat pulse method. Heat was supplied as a pulse and the moving velocity of this pulse was detected by a thermocouple set at a point upward the position of the heat source. A different method, so called the compensation method, was also developed by Huber and Schmidt (1937) to overcome the complication introduced by thermal conduction independent of water flow when the water flow is very slow. Shieriff (1972) has attempted to apply a magnetohydrodynamic technique for measurements of the water flow rate in plants.
Of these methods described above, the technique in which heat pulse is used as an indicator of water flow has been widely adopted. This is mainly because it is simple and accurate compared with other methods, as described by Slavik (1974) . For example, Kuniya(1950) , Bloodworth(1955; 1956) , Closs(1958) , Ledefoged (1960) , Kobayashi(1963) , Decker and Skau (1964) , Skidmore and Stone (1964) , Wendt et al. (1965) , Swanson (1972) , Morikawa (1972; , Shaw and Gifford (1975) , Stone and Shirazi (1975) , and Schurer et al. (1979) have used the heat pulse method to study the water velocity in the trunk of arbores or in the stem of herbaceous plants in relation to environmental conditions. However, as pointed out by Marshall (1958) , the heat pulse method has a fundamental disadvantage in that the measured pulse velocity is different from the stream velocity of water in a trunk or stem of plants. A more important deficiency is that the calculation of actual values of water flow in a stem or trunk of plants is not easy. This is related to the difficulty in determining the cross sectional area of water conducting system.
More recently, Saddler and Pitman (1970) tried a steady-state heat-flow method developed originally by Vieweg and Ziegler in order to evaluate the water movement in plant stem. Two thermocouples were set up on either side of a continuously acting heater inserted into the stem. The temperature difference between each of these thermocouples and surrounding air was measured. However, their method required a calibration procedure which had not been successful under field conditions to obtain reliable absolute values of water flow rate.
In a previous paper (Sakuratani, 1979) , the author has attempted an other type of the steadystate heat-flow method for evaluating actual values of water flow rate in plant stem. Sensible heat transfer between the stem surface and the air, and transport of heat by both conduction and mass flow of water in the stem were determined by measuring the temperature difference between the stem and the air, and between two points along the stem. Although this method is better than the heat pulse method from the viewpoint of its sensitivity (Saddler and Pitman, 1970) , this is inconvenient and inaccurate to determine the water flow rate in plant stem under field conditions. This is mainly because this method needs accurate determinations of both heat amount transferred from the stem surface to air and thermal conductivity of plant stems. Daum (1967 ), Penka et al, (1973 , and Cermak et al, (1975a, b) have attempted to use a heat flux plate for measuring heat flux density between the water flowing layer of the active xylem and the cambium of a tree trunk, and to evaluate the water flow rate in the trunk. In their experiments, the heat flux plate is inserted into flaps of bark and sealed. Since the heat flux plate is larger than the size of stems of ordinary crop plants, the method used by them can not be applied to crop plants.
To overcome the disadvantage mentioned above and determine accurately the water flow rate in the stem of intact crop plants, I devised a new method on the basis of heat balance of a segment of plant stem. This paper describes the principle and apparatus of this method and results obtained by this method.
Theory
Consider a stem segment of length L m in which water flows. Let its upper cross-sectional area be Ad m2, and lower cross-sectional area Au m2. When heat energy, QW, is supplied continuously, to the stem segment and steady conditions exist as to temperature in the segment, the heat energy supplied, Q, should be equal to the heat loss due to conduction, convection and mass flow ( Fig. 1) : where Q f is the energy transported by mass flow of water from the heat source (W), qu and qd the energy transferred upstream and downstream respectively by thermal conduction along the stem (W), and qs the energy lost by the convection from the surface of the heated stem into the surrounding air (W). It is assumed that both radiant and the latent heat exchange between the stem and its surroundings can be negligible.
The energy transported by mass flow of water is given by the following equation:
(2) Fig. 1 . Heat balance for a stem segment to which energy, Q, is supplied.
segment, and Tu the mean temperature of water streaming in the segment. Combination of Eq. (1) with Eq. (2) yields the following relation for the rate of water flow, equivalent to the amount of water moving up through cross-section of the stem per unit time. (3) Now assume for the simplicity that the temperature is uniform in the radius direction on the each cross section of the stem segment. Td and Tu thus can be assumed to be equal to the surface temperatures measured respectively at the up-and downstream points of the heated segment (see If the plant stem contains water above 90% in moisture percentage, it is reasonable to assume that
The heat loss by convection from the surface of the heated segment into the surrounding air, qs, is estimated by a heat flow sensor attached to the heated segment. The details are described below.
Construction of Apparatus
The apparatus shown in Fig. 2 consists principally of a heat source mounted on the stem segment, a heat flow sensor attached to the heat source and copper-constantan thermocouples. The flexible plate which consists of a 0.1 or 0.14mm manganin wire is mounted on the stem segment with width of L m which is equal to or two times larger than the diameter of the stem. Thin manganin wire of 0.1mm in diameter is used for thin stem of 0.4-0.5cm in diameter, while 0.14 mm-diameter-wire is applied to the stem of 1.0-1.5 cm in diameter. 
sensor (m), r1 and r2 respectively the inside radius and outside radius of the heat flow sensor (m). This is based on the ordinary differential equation of the radius heat conduction of a cylinder. In a case that the stem can not be approximated by a cylinder or it is required to evaluate k more accurately, k can be determined by the following procedure.
Providing that the water stream in the segment is interrupted by cutting the stem or by enclosuring plants by a black polyethylene sheath, Eq. (1) can be rewritten as follows: (10) This enables us to evaluate the magnitude of k.
The temperature differences, Td-Tu, Tu-Tu, and Td-Td in Eqs. (3) and (5) are measured with thermocouples consisting of copper and constantan wires with diameter of 0.1mm.
When the stem diameter is smaller than about 1.0cm and the uniform temperature distribution is expected on the cross section of the stem, the tips of thermocouples are affixed directly on the surface of the stem segment by a small amount of adhesive agent. On the other hand, in a case that the stem diameter is larger than about 1.0cm, these tips are inserted into the stem segment to obtain more accurate values of stem temperature.
Thermocouples for measurement of Tu and Td are attached respectively to the positions of 1.0-2.0 mm up-and downwards the heated segment, in order to avoid direct influences of the heat source. Since it is found from preliminary experiments that the temperature distribution over a short distance of 1.0-2.0mm near the heated segment can be approximated by a linear function, thermocouples for Tu and Td are attached respectively to the positions of 1.0-2.0mm upward and downward the each thermocouple for Tu and Td.
In order to suppress the latent heat transfer due to transpiration, the surface of the stem segment on which thermocouples are set is sealed by a thin polyethylene film. The apparatus consisting of the heater, flexible heat flux plate and thermocouples are covered by both thin sponge rubber and aluminium foil to minimize influences of solar radiation.
The electric signals corresponding to the temperature difference, i. e., Td-Tu, Tu-Tu, Td-Td are recorded continuously through a low-noise amplifier on a six-channel automatic recorder of 10 mV in maximum scale with the chart speed 50mmh-1.
Measurements of the Rate of Water Flow

Materials and method
The comparison of the water flux in the plant stem evaluated by using the apparatus and the water loss due to transpiration measured directly by a balance was made with potted soybean and sunflower plants in order to test the accuracy and reliability of the newly developed method. Soy-bean plants raised in a test plot were also used for this purpose. In this case, the transpiration water loss of the soybean plants was determined by making use of the so-called chamber method (Kato et al., 1960 Soybean plants were used at about 10 weeks of age when their stems were approximately 1.0cm in diameter. Sunflower plants raised in small pots were used at 4 weeks of age when their stems were approximately 0.4-0.5cm in diameter, while sunflower plants in Wagner's pots were used at 12 weeks of age when their stems were 1.3-1.5cm in diameter.
The apparatus as described in Fig. 2 was mounted on the basal part of the stem of a plant. In the early experiments with soybean plants, the values of q, and qd were not evaluated and neglected by assuming that these should be much smaller than Q transported by the water flow in plant stem.
Current and voltage of electric power to the heater were adjusted through a variable resister so that the temperature difference on the stem segment, Td -Tu , is approximately held at a level ences recorded on the chart recorder were averaged over 30min period.
Transpiration loss of the plants in the Wagner's pots was measured by a balance with the sensitivity of 1.0g and the maximum scale of 10kg. Weight change of 0.1g of the small pot with plant could be detected by a balance with the maximum scale of 500g. The weight change of the pots were read every 30min after the culture vessel was completely covered by a polyethylene film to prevent evaporation from soil surface. Eqs. (9) and (10) were used to evaluate the magnitude of k for soybean and sunflower plants, respectively. The magnitude of k was in a range of flux in the stem and transpiration water loss were made during the daylight hours in a glasshouse.
In the later experiment, soybean plants (cultivar, Enrei) was grown in a test plot of 9m2. Soybean plants were used at the early pod stage when their stems were about 1.0cm in diameter. A selected plant with the water flux sensor on the basal part of its stem was covered by a cylindrical acrylic transpiration chamber having the diameter of 30 cm and the height of 100cm. The transpiration was determined by measuring the increase in absolute humidity of the air stream passing the chamber in which the transpiring plant was set. Ventilated platinum resistance psychrometers were used to measure the increase in absolute humidity of the air passing over the transpiring plant. 4.2 Results Fig. 3 shows the comparison of the water flow rate of potted soybean plants determined by the newly developed method and transpiration rate determined by the balance. It indicates clearly that the flow rate and transpiration rate agree well with each other in a range of the transpiration rate higher than 10g 30min-1. In a range of transpiration rate lower than 10g 30min-1, the flow rate determined by the new method deviates systematically from the transpiration rate and is 1.2-2.2 times as large as the transpiration rate. This may be mainly due to the disregard of influences of heat conduction in the stem on the heat transport. Fig. 4 in which the water flow rate determined by considering effects of heat conduction on the transport of heat in the stem is compared with period in which the transpiration is retained at a very low level. Because measurements of all quantities necessary to evaluate the water flow rate in the stem of intact plants are automatically made by using the apparatus, related electric equipment and recorders, our method is very suitable for study of transpiration of intact plants in relation to diurnal course of meteorological elements and soil-water conditions.
Discussion
Although the water flow rate determined by the new heat balance method is in good agreement with the transpiration rate evaluated by balance or chamber method, there is still to some extent scattering between them as shown in Figs. 3, 4 and 5. As can be expected from Eq. (3), such scattering of data is considered to be related to errors in measurements of qu, qa. qs, Q and Td-Tu . Both Q and Td-Tu can be determined more accurately compared with qu' qd and qs, because the formers are measured directly by using instruments while the qu and qd are evaluated indirectly from Eq. (5) and qs is evaluated from Eq. (8).
In order to evaluate errors in the determination of heat amount transported with the mass flow of water in a stem, Qf, the following relative errors are firstly introduced.
(11) -14-where Qf is the true value of heat amount transported with mass flow of water in the stem (W), q the sum of qu, qd and qs, and q' is the true value of q (W). By combining Eq. (1) and Eq. (11), and assuming Q'=Q, where Q' is the true value of Q (W), we obtain the next relation for ef . (12) The results calculated from Eq. (12) are plotted against the value of Q'f/Q in Fig. 6 . With increment in the value of Q'f/Q, the relative error in determination of the heat amount transported with mass flow of water in the stem decreased drastically. This means that the magnitude of error in determination of Qf increases rapidly in a range of Q'f/Q lower than a critical value with decreasing the proportion of Q'f to Q. The decreasing rate is also affected by the magnitude of relative error in determination of q. To evaluate the heat amount transported with mass flow of water in the stem at the accuracy higher than the relative error of 20%, the following critical conditions are needed to be satisfied in measurements.
As Eq. (12) and Fig. 6 indicate, the energy partition on stem segment affects significantly the magnitude of error in determining the heat amount transported in the stem. The energy partition of the plant stem is affected not only by thermal conductivity of the stem and heat transfer coefficient on the stem surface but also by the amount of water streaming in the stem. The data obtained with sunflower plants with the stem of about 1.3 cm in diameter are analyzed to make clear characteristics of heat balance of plant stem. The results so obtained are presented as a function of the mean velocity of water flow in the stem in Fig. 7 . The mean velocity of water flow in the stem, U m is evaluated from (13) where Vw is the volumetric content of water in the stem segment (m3) and L is the lenght of the segment (m). As U increases, the contribution of Q f increases rapidly with the proportional decrease of the contribution of other components, particularly au and qd. When U=0, about 50% of heat supplied to the stem segment is transferred from the surface into the ambient air, and the remainder is , con- Q'f/Q=Ratio of the true value of heat amount transported with mass flow of water to the heat energy supplied to the stem segment. | eq|=Absolute value of the relative error in the determination of heat loss due to conduction and convection. ducted from the segment part to other parts. At the mean velocity of 2 cm 30 min-1, Qf/Q reaches 0.2, implying that the relative error in the determination of Qf becomes equal to or less than 0.2. In a range of U higher than about 15 cm 30 min-1, about 80% of heat supplied to the stem segment is transported by mass flow of water in the stem, and the remainder is distributed into qu, qd and qs. Particularly, the contribution of qu and qd to the heat transfer becomes less than 10%. It is therefore concluded that if the transpiration is not very large, highly accurate determination is needed in measurements of qu, qd and qs. If the transpiration rate is so high as observed at daytime on clear sunny days, the rate of water flow in the stem of intact plants can be more accurately determined by using the method described above.
